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Regulation of Dendritic Cell Trafficking
by the ADP-Ribosyl Cyclase CD38:
Impact on the Development of Humoral Immunity
In addition to its potential role as a modulator of Ca2
signaling, CD38 has been postulated to act as a plasma
membrane signaling receptor on lymphocytes (Lund et
al., 1998; Malavasi et al., 1992). For example, stimulation
of murine B cells using anti-CD38 antibodies alone or
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gesting that CD38 plays an important role in B cell biol-
ogy. These conclusions were supported by experiments
showing that CD38-deficient (Cd38/) mice make poorSummary
humoral immune responses to T-dependent antigens
(Cockayne et al., 1998). However, the loss of CD38 af-Mice lacking CD38, an ectoenzyme that generates the
calcium-mobilizing metabolite cADPR, make reduced fected not only the humoral immune response but also
the innate inflammatory response. For example, Cd38/T cell-dependent antibody responses. Despite the pre-
dicted role for CD38 in B cell activation, we find that mice are less capable of resolving S. pneumoniae infec-
tion and die within 24–48 hr (Partida-Sa´nchez et al.,CD38 regulates the migration of dendritic cell (DC)
precursors from the blood to peripheral sites and con- 2001). This increased susceptibility is not due to a B
cell defect as Cd38/rag2/ mice are also more sus-trols the migration of mature DCs from sites of inflam-
mation to lymph nodes. Thus, T cells are inefficiently ceptible to S. pneumoniae than rag2/ mice. Instead,
Cd38/ neutrophils are intrinsically unable to migrateprimed in Cd38/ mice, leading to poor humoral im-
mune responses. We also show that CD38 and cADPR directionally (chemotaxis) to N-formyl methionyl leucyl
phenylalanine (fMLF), a bacterial-derived chemoattrac-modulate calcium mobilization in chemokine-stimu-
lated DCs and are required for the chemotaxis of im- tant (Partida-Sa´nchez et al., 2001). The inability of
Cd38/ neutrophils to migrate in response to fMLF ismature and mature DCs to CCL2, CCL19, CCL21, and
CXCL12. Therefore, CD38 regulates adaptive immunity due to the loss of cADPR production by CD38, which
leads to impaired Ca2 mobilization upon engagementby controlling chemokine receptor signaling in DCs.
of the formyl peptide receptor (FPR) (Partida-Sa´nchez
et al., 2001). Taken together, the data suggested at leastIntroduction
three different mechanisms by which CD38 could regu-
late the humoral immune response: by regulating B cellThe ectoenzyme CD38 is variably expressed on lymphoid
and myeloid lineage cells and has been proposed to activation, by regulating lymphocyte trafficking, or by
regulating the adjuvant-induced inflammatory response.play a number of different roles in the immune system
(Deaglio and Malavasi, 2002; Lund et al., 1998). CD38 In light of these possibilities, we have now reexamined
the humoral immune response in Cd38/ mice andis a member of a family of enzymes that utilize nicotin-
amide-adenine-dinucleotide (NAD) as a substrate to show that CD38 expression on B cells is not necessary
for the generation or maintenance of normal T cell-produce adenosine diphosphate ribose (ADPR) and cy-
clic adenosine diphosphate ribose (cADPR) (Howard et dependent antibody responses. Instead, we show that
T cells are inefficiently primed in Cd38/ mice due toal., 1993; Lee, 2001). In addition, CD38 can perform
a base-exchange reaction between nicotinic acid and an intrinsic inability of Cd38/ DCs to mobilize Ca2 in
response to chemokine receptor ligation and to migrateNADP to produce nicotinic acid adenine dinucleotide
phosphate (NAADP) (Lee, 2001). Interestingly, all of in response to chemokines that normally direct their
trafficking in vivo. These data show that CD38 acts atthese metabolites have calcium (Ca2)-mobilizing activ-
ity. For example, ADPR induces extracellular Ca2 influx the intersection of innate and adaptive immunity by con-
trolling the migration of DCs and DC precursors.through LTRPC2 cation channels (Hara et al., 2002; Per-
raud et al., 2001; Sano et al., 2001), while NAADP induces
intracellular Ca2 release (Lee and Aarhus, 1995). In con- Results
trast, cADPR modulates ryanodine receptor-dependent
intracellular Ca2 release (Clapper et al., 1987) and also CD38 Expression on B Cells Is Not Required for
regulates extracellular Ca2 influx through plasma mem- Optimal T Cell-Dependent Antibody Responses
brane store-operated Ca2 channels (Guse et al., 1999; Previous studies using Cd38/ mice demonstrated that
Partida-Sa´nchez et al., 2001). Thus, it has been hypothe- CD38 is required for optimal primary and secondary
sized that CD38 regulates signal transduction in leuko- T cell-dependent antibody responses (Cockayne et al.,
cytes and other CD38-expressing nonhematopoietic 1998). To confirm these results, we immunized Cd38/
cells by catalyzing the production of one or more of mice as well as C57BL/6J (WT) control mice with the
these Ca2-mobilizing metabolites. T-dependent antigen TNP-KLH and measured TNP-spe-
cific antibody levels in the serum. As expected, Cd38/
mice made significantly reduced primary and secondary*Correspondence: flund@trudeauinstitute.org
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Figure 1. Expression of CD38 by BM-Derived
Cells, but Not by B Cells, Regulates T Cell-
Dependent Humoral Immune Responses
(A) WT (open bars) and Cd38/ (filled bars)
mice were immunized i.p. with 1 g TNP-KLH
in alum on day 0 and were boosted on day 21.
TNP-specific serum IgM and IgG antibodies
were detected by ELISA.
(B) WT mice were lethally irradiated and re-
constituted with either Cd38/ (hatched
bars) or WT (open bars) BM. Reconstituted
mice were immunized as described in (A), and
TNP-specific IgM and IgG1 serum levels were
measured by ELISA.
(C) CD38 expression on B cells is not required
for T cell-dependent antibody responses.
Mixed bone marrow chimeras in which the B
cells were either CD38 sufficient (open bars)
or CD38 deficient (hatched bars) were pro-
duced as described in the Results. Reconsti-
tuted mice were immunized as described in
(A) and TNP-specific IgM and IgG1 serum lev-
els were measured by ELISA. The mean and
SD is shown for all groups (ten mice/group).
All statistical analyses were performed using
the Student’s t test. Data are representative
of at least three independent experiments.
TNP-specific IgM and IgG1 responses (Figure 1A). To majority (75%) of all other hematopoietic cell types
are derived from the MT BM and are therefore CD38determine whether the humoral immune defect ob-
served in Cd38/ mice is intrinsic to bone marrow sufficient. As a positive control, we also reconstituted
irradiated MT recipients with a 3:1 mixture of MT BM(BM)-derived cells, we transferred WT or Cd38/ BM
to lethally irradiated WT mice. After reconstitution, we and WT BM. All of the hematopoietic cells, including the
B cells, in these reconstituted mice are derived fromimmunized the chimeric mice with TNP-KLH and mea-
sured TNP-specific antibody levels in serum. As shown CD38-sufficient BM. The reconstituted mice were immu-
nized with TNP-KLH. Unexpectedly, we found that bothin Figure 1B, robust TNP-specific IgM and IgG1 re-
sponses were observed in mice reconstituted with WT groups of mice mounted equivalently robust IgM and
IgG1 responses to TNP-KLH (Figure 1C). Thus, the dataBM. In contrast, the TNP-specific antibody response
was severely reduced in mice that were reconstituted indicated that CD38 expression on B cells is not essen-
tial for T-dependent antibody responses.with Cd38/ BM (Figure 1B), indicating that CD38 ex-
pression on a BM-derived cell is necessary for T cell-
dependent antibody responses. Normal T Cells Are Inefficiently Primed in Cd38/
Hosts Resulting in Defective Antibody ResponsesOn the basis of our earlier work suggesting that CD38
acts as a coreceptor for the BCR (Lund et al., 1996), we Since CD38 expression on B cells was not required for
primary or secondary T-dependent antibody responsespredicted that the poor antibody response observed in
Cd38/ mice would be due to an intrinsic defect in and CD38 is only weakly expressed by conventional
CD4 murine T cells (Bean et al., 1995), we consideredthe B cell compartment. To test this hypothesis, we
reconstituted irradiated B cell-deficient mice (MT mice) the possibility that the development or effector activities
of antigen-presenting cells (APCs) might be regulated bywith a 3:1 mixture of MT BM and Cd38/ BM. The B
cells in the reconstituted mice must be derived from the CD38. To test whether CD38-sufficient WT CD4 T cells
could be primed by Cd38/ APCs, we transferredCd38/ BM and are therefore CD38 deficient, while the
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Figure 2. Normal Transgenic T Cells Are Inef-
ficiently Primed and Do Not Provide Optimal
B Cell Help When Transferred into CD38-Defi-
cient Hosts
(A) Naive CD90.1 CD4 OVA-specific Tg
T cells were labeled with CFSE and then
transferred to either WT or Cd38/ CD90.2
hosts. Recipient mice (five mice/group) were
immunized i.p. with OVA peptide in alum.
Cells isolated from spleens of Cd38/ and
WT hosts were analyzed by FACS on day 3
postimmunization. Transferred Tg T cells
were identified with anti-CD4 and anti-
CD90.1 antibodies. The CFSE profile of the
transferred T cells is shown for a representa-
tive WT and Cd38/ host animal. The per-
centage of cells that have undergone one or
more rounds of cell division (CFSElo) is indi-
cated (mean  SD). n  4 mice/group. The
results shown are representative of five ex-
periments.
(B–D) Naive CD90.1 CD4 OVA-specific Tg
T cells were transferred to either WT or
Cd38/ CD90.2 hosts. Host animals (ten
mice/group) were immunized with NP-OVA
(10 g) or PBS administered i.n. one time/day
for 7 consecutive days. On day 8 the absolute
number of Tg OT-II CD90.1 CD4 T cells (B)
and NPSyndecan plasma cells (C) present
in the draining mediastinal LN and NP-specific IgG1 titers in serum (D) were determined. The results from individual animals are shown, and
the mean for each group is indicated with a bar. Statistical analysis was performed using the Mann-Whitney test. The data shown are from
one representative experiment out of three with similar results.
CFSE-labeled, OVA-specific OTII TCR transgenic T cells we found significantly reduced numbers of NP binding
syndecan plasma cells in the MLN of NP-OVA immu-from CD90.1 donors into CD90.2 Cd38/ or CD90.2
WT hosts. The recipient mice were subsequently immu- nized Cd38/ hosts compared to their immunized WT
counterparts (Figure 2C). Finally, we found that the titersnized with OVA peptide in alum or sham immunized with
alum alone, and the cells from the spleens and draining of NP-specific IgM (data not shown) and NP-specific
IgG1 (Figure 2D) were significantly reduced in the serumlymph nodes (LNs) were analyzed 3 days later by flow
cytometry. As expected, the transferred T cells remained of Cd38/ hosts. Therefore, these data show that anti-
gen-specific T cells, even when of WT origin, are ineffi-CFSEhi in the spleens of sham-immunized WT and
Cd38/ hosts (Figure 2A). However, at least 80% of the ciently primed and expanded in Cd38/ hosts, resulting
in poor T-dependent humoral immune responses.OVA-specific T cells isolated from the spleens of OVA-
immunized WT hosts had an activated phenotype (data
not shown) and had undergone one or more rounds of CD38 Is Not Required for the Development
or Differentiation of DCscell division (Figure 2A). In contrast, the OTII T cells
found in spleens and LNs of OVA-primed Cd38/ mice The inefficient priming of WT T cells in Cd38/ hosts
could be due to intrinsic defects in Cd38/ DCs. Weremained CFSEhi (Figure 2A) and retained a naive pheno-
type (data not shown). These data demonstrated that first considered the possibility that DCs were reduced
in number or even absent from Cd38/ mice. However,antigen-specific T cells, even when of WT origin, are
inefficiently primed in Cd38/ mice. we found equivalent numbers of CD11cclassII cells
in BM, spleen, and LNs of Cd38/ and WT mice (FigureTo determine whether inefficient priming of T cells by
Cd38/ APCs could account for the reduced T-depen- 3A and data not shown). In addition, we found an equiva-
lent number of immature CD11cclassIIlo cells in thedent antibody responses observed in Cd38/ mice, we
transferred CD90.1 OVA-specific OT-II T cells into epidermis of WT and Cd38/ mice (Figure 3A). We next
considered the possibility that Cd38/ DCs may notCD90.2WT or Cd38/ hosts and immunized the recipi-
ent mice intranasally with the antigen NP-OVA. Cells be competent to mature in response to inflammatory
signals. To test this hypothesis, we cultured DCs fromfrom the draining mediastinal lymph nodes (MLN) of the
recipient mice were analyzed by flow cytometry on day 8 the BM of Cd38/ or WT mice using GM-CSF and then
induced the maturation of these DCs in vitro using TNFpostimmunization to determine the number of activated
OVA-specific donor T cells and NP-specific plasma (Caux et al., 1992; Inaba et al., 1992). As shown in Figure
3B, TNF stimulation induced an equivalent upregula-cells. Although OVA-specific T cells did expand in the
MLN of immunized Cd38/ hosts relative to what we tion of classII (I-Ab), CD40, CD80, CD86, and DEC-205
on CD11cclassII DCs derived from BM of WT andobserved in unimmunized Cd38/ hosts, the expansion
of these cells in the Cd38/ hosts was significantly Cd38/mice. Interestingly, CD38 was constitutively ex-
pressed on the GM-CSF cultured DCs and was upregu-reduced compared to the expansion of OVA-specific
T cells in the immunized WT hosts (Figure 2B). Likewise, lated on the TNF-stimulated DCs (Figure 3B). To test
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whether the DCs from Cd38/ mice could mature in reduced compared to the number of FITC DCs in the
LN of sensitized WT mice, indicating that the CD38-response to inflammatory signals in vivo, we applied
the hapten DNFB to the skin of WT and Cd38/ mice, deficient DCs were inefficiently recruited to the LN.
To test whether the inefficient migration of Cd38/isolated enriched populations of the epidermal skin DCs
(Langerhans cells, LCs) after 24 hr, and compared the DCs resulted in reduced recruitment or retention of other
hematopoietic cells (Martin-Fontecha et al., 2003), wephenotype of the LCs from DNFB-sensitized WT and
Cd38/ mice with the phenotype of LCs isolated from FITC-sensitized the skin of Cd38/ and WT mice and
measured cell accumulation in the draining LN 18 hrnaive mice (Figure 3C). Similar to what we observed
using in vitro-activated DCs, we found that in vivo-acti- later. The total number of cells in the inguinal LNs of
WT and Cd38/ mice were equivalent under restingvated Cd38/ and WT LCs were equally competent to
upregulate expression of classII, CD40, CD80, CD86, conditions (Figure 4B). However, within 18 hr of FITC
sensitization, the number of cells in the LNs of WT miceand DEC-205 (Figure 3C). Thus, CD38 is expressed on
immature and activated DCs but does not appear to be had increased, while the total number of cells increased
only slightly in the LNs of FITC-sensitized Cd38/ miceobligate for the generation of phenotypically mature DCs
either in vitro or in vivo. (Figure 4B). The increased cell number in WT LNs after
FITC sensitization was accounted for by increases in
DCs, B cells, and CD4 T cells (Figures 4C–4E). In con-
DC Migration to LNs Is Impaired in Cd38/ Mice
trast, minimal changes in these populations were ob-
Resulting in Reduced Humoral Immune Responses
served in FITC-sensitized Cd38/mice (Figures 4C–4E).
Since CD38 does not appear to be required for the devel-
Thus, the poor recruitment of Cd38/ LCs to the drain-
opment or maturation of DCs, we predicted that CD38
ing LN correlated with reduced accumulation of lympho-
might regulate the trafficking of DCs to LNs upon inflam-
cytes and DCs.
matory challenge. To test this hypothesis, we sensitized
On the basis of the reduced accumulation of DCs and
the skin of WT and Cd38/ mice with FITC, and 18 hr
lymphocytes to the draining LN of Cd38/ mice, we
later, tissue sections of the draining LN were stained
predicted that CD4 T cell-dependent immune responses
with anti-CD11c and anti-CD90.2 (Thy1.2). As shown in
would be affected. To test this prediction, we FITC-
Figure 3D, cells that were labeled with FITC (FITC) were
sensitized the skin of Cd38/ and WT mice on days 0
easily detected in the WT LNs at 18 hr postsensitization
and 21 and measured the titers of FITC-specific anti-
and were localized in the T cell area in proximity to
body in serum. As expected, WT mice made robust
CD11c cells. Many of the FITC cells also costained
primary and secondary FITC-specific IgM and IgG1 re-
with anti-CD11c, suggesting that the labeled cells were
sponses (Figure 4F). In striking contrast, we found that
DCs. In striking contrast, very few FITC cells could be
primary and secondary FITC-specific IgM and IgG1 re-
detected in sections of draining LNs from Cd38/ mice
sponses were severely attenuated in the Cd38/ mice
(Figure 3D), even out to 48 hr (data not shown).
(Figure 4F). Taken together, the data strongly suggested
To determine whether the FITC cells in the LNs of
that the inefficient migration of CD38-deficient LCs from
WT and Cd38/ mice were DCs, we gated on the FITC
the skin to the draining LN resulted in reduced recruit-
cells and analyzed these cells for classII and CD11c
ment or accumulation of hematopoietic cells in the
expression by FACS (Figure 3E). The vast majority of
draining LN and severely reduced T cell-dependent hu-
FITC cells expressed CD11c and high levels of classII
moral immune responses.
(Figure 3E), indicating that these cells were likely to be
LCs. Interestingly, the percentage of FITC cells in the
WT LNs was approximately 4-fold greater than the per- Migration of Precursor DCs Is Impaired
in Cd38/ Micecentage found in the Cd38/ LNs (Figure 3E). We next
determined the absolute number of FITC-labeled DCs Upon sensitization of the skin with an inflammatory
agent, LCs in the epidermis begin to mature, upregulatepresent in WT and Cd38/ LNs. As shown in Figure 4A,
the number of FITCCD11cclassII DCs detected in CCR7, and migrate through the lymphatic vessels to the
draining LN in response to chemokine gradients (Forsterthe LN of FITC-sensitized Cd38/mice was significantly
Figure 3. CD38-Deficient DCs Mature Normally but Do Not Migrate Efficiently from the Epidermis to the Draining LN after FITC Sensitization
(A) Skin cells from epidermal sheets and lymphoid cell suspensions from spleens and LNs of WT (open bars) and Cd38/ (filled bars) mice
were counted and then stained with antibodies to classII (I-Ab) and CD11c. The total number of CD11cclassII(hi and lo) cells present in
epidermis, LN, and spleen was determined. The data are shown as the mean and SD for each group (five mice/group).
(B) BM cells from WT or Cd38/ mice were cultured in GM-CSF alone for 8 days (open histograms) or were stimulated with TNF (filled
histograms) for the last 36 hr of culture and were then stained with antibodies to CD11c, classII, CD40, CD80, CD86, DEC-205, or CD38. FACS
profiles of CD11cclassII(hi and lo)-gated cells are shown.
(C) WT and Cd38/ LC were isolated from the epidermis of naive animals (open histograms) or the epidermis of animals that had been
sensitized with DNFB 24 hr previously (filled histograms). LC suspensions were immediately stained with the antibodies listed above. FACS
profiles of CD11cclassII(hi and lo)-gated cells are shown.
(D) The abdominal skin of Cd38/ and WT mice was shaved and painted with FITC. The draining inguinal LNs were removed 18 hr postsensitiza-
tion, and frozen sections were stained with antibodies to CD11c (red) and CD90.2 (Thy1.2, blue) to identify DCs and T cells. FITC cells
(green) and FITC cells that are also CD11c (yellow/orange cells) were primarily localized within the T cell zone. Images were obtained at
20 magnification.
(E) Inguinal LNs were removed 18 hr postsensitization from control and FITC-sensitized WT and Cd38/ mice, and cells were analyzed by
FACS. The FITC cells were gated (histograms) and analyzed for classII and CD11c expression (dot plots). To visualize the FITC population,
the gated FITC cells are shown on a magnified scale in the histogram insets. The percentage of FITC cells is indicated.
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Figure 5. CD38-Deficient Precursor DCs Are Inefficiently Recruited
to the Skin upon Inflammation
(A) Lethally irradiated CD45.1 C57BL/6 hosts were reconstituted
with either CD45.2 C57BL/6 or CD45.2 Cd38/ donor BM cells.
The origin (either donor or host) of various cell populations and the
genotype (either WT or Cd38/) of these cells are indicated.
Figure 4. Inefficient Migration of CD38-Deficient DCs to the LNs (B) Bone marrow, spleen, and epidermal cell suspensions from co-
Results in Reduced T Cell-Dependent Antibody Responses horts of host mice receiving either WT or Cd38/ BM were stained
(A–E) WT (open bars) and Cd38/ mice (filled bars) were sensitized with antibodies to CD45.1, CD45.2, CD11c, and classII. The percent-
with FITC. Inguinal LNs were removed 18 hr postsensitization, cell age of donor (hatched bars) and host (open bars) derived DCs
suspensions were counted (B), and the absolute numbers of FITC- (CD11cclassII) was determined by FACS. The mean and SD is
CD11cclassIIhi DCs (A), total CD11cclassIIhi DCs (C), CD19 B shown (n  10 mice/group).
cells (D), and CD3CD4 T cells (E) in the LNs were determined. (C) DNFB was applied to the ears of reconstituted mice on day 0.
The mean and SD for each group (n  10 mice/group) is shown. At days 0, 3, and 6 postsensitization, the numbers of donor (hatched
Statistical analysis was performed with the Student’s t test. The bars)- and host (open bars)-derived LCs (CD11cclassII) in the
data shown are representative of one experiment from at least five sensitized ear were determined by cell counting and FACS analysis.
with similar results. The mean and SD is shown (n 10 mice/group). Statistical analysis
(F) WT mice (open circles) and Cd38/ mice (filled circles) were was performed with the Student’s t test.
sensitized with FITC on days 0 and 21. FITC-specific serum antibody
titers were determined by ELISA. The inverse titers are shown for
FITC-specific IgM (left) and IgG1 (right). The mean and SD for each precursors are efficiently recruited to inflamed skin, we
group (n  10 mice/group) is shown. made BM chimeras and tracked the migration of WT and
Cd38/DC precursors to inflamed epidermis. Congenic
CD45.1 C57BL/6J WT mice were lethally irradiated and
reconstituted with CD45.2 WT or CD45.2 Cd38/ BMet al., 1999; Gunn et al., 1999). Concurrent with this
process of LC maturation and emigration, precursor DCs (Figure 5A). Since the resident LCs in the skin are radia-
tion resistant (Merad et al., 2002), the LCs present infrom the blood and/or BM are recruited to the inflamed
skin, again via chemokine/chemokine receptor interac- the skin of all of the recipient animals should be derived
from the CD45.1 WT host animals. In contrast, sincetions (Merad et al., 2002). To test whether Cd38/ DC
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the LC precursors that repopulate the epidermis upon DCs from the bulk cultures (Figure 6A). The chemotactic
potential of the sorted cells was subsequently deter-inflammatory challenge are radiation sensitive (Merad
et al., 2002), the precursor LCs in BM chimeric mice mined by transwell chemotaxis assays using ELC, SLC,
MPC-1, and the CXCR4 ligand CXCL12 (SDF-1 or stro-are derived from the CD45.2 donor BM (either WT or
Cd38/ BM; see Figure 5A). To test the efficacy of this mal derived factor-1). As expected based on previous
reports (Vecchi et al., 1999), WT immature DCs migratedapproach, we isolated BM, spleen, peripheral blood and
epidermal sheets from a cohort of the recipient animals poorly to ELC and SLC but responded efficiently to
MCP-1 and SDF-1 (Figure 6B). In contrast, the immature12 weeks postreconstitution and determined the origin
of the CD11cclassII cells in these tissues. As ex- Cd38/ DCs made significantly reduced chemotactic
responses to both MCP-1 and SDF-1 (Figure 6B). Similarpected, the vast majority (80%) of the CD11cclassII
LCs in the epidermis of the recipient mice were of host results were found when we examined the migration of
WT and Cd38/ mature DCs. As expected, both WTorigin (Figure 5B). In contrast, essentially all of the
CD11cclassII cells isolated from the BM, blood, and and Cd38/ mature DCs responded poorly to MCP-1
(Figure 6C) since CCR2 is not highly expressed by ma-spleen of the reconstituted mice were of donor origin
(Figure 5B and data not shown). Thus, the LCs of the ture BM-derived DCs (Vecchi et al., 1999). However,
mature WT DCs migrated vigorously to the CCR7 ligandsBM chimeric mice were of WT origin, while all of the DC
precursors in blood and BM were of donor origin. SLC and ELC and also responded, albeit less well, to
SDF-1 (Figure 6C). In contrast, the chemotactic re-To test whether the Cd38/ DC precursors could
migrate to inflamed epidermis, we sensitized the skin sponse of the mature Cd38/ DCs to all of the chemo-
kines tested was significantly reduced (Figure 6C). Thus,of the reconstituted mice with DNFB and measured the
immigration of the DC precursors into the epidermis. both immature and mature Cd38/ DCs are intrinsically
defective and do not migrate efficiently in response toSince the LCs and the epidermis itself were WT in origin
in both groups of mice (Figures 5A and 5B), we expected CCR2, CXCR4, and CCR7 ligands.
that an equivalent inflammatory response would be initi-
ated in the epidermis and that equivalent numbers of Normal Chemokine Receptor Expression
host-derived LCs would leave the epidermis for the LN by Cd38/ DCs
in both groups of animals. In accordance with this pre- The reduced chemotactic response of Cd38/ DCs
diction, the majority of LCs (80%–90%) had emigrated could be due to an inability of these cells to express the
from the epidermis of both groups of mice within 3 days, appropriate chemokine receptors. To determine whether
and greater than 95% of the LCs had emigrated from Cd38/ DCs express CCR2, CXCR4, and CCR7 during
the epidermis by day 6 (Figure 5C). Concurrent with this the appropriate stages of development and differentia-
process of LC emigration, we found that WT donor- tion, we first analyzed the expression level of CXCR4 on
derived DC precursors rapidly colonized the epidermis WT and Cd38/BM-derived immature (CD11cclassIIlo)
of the sensitized chimeric mice and made up to 80%– DCs and TNF-stimulated mature (CD11cclassIIhi) DCs.
90% of the total CD11cclassII cells in the epidermis Importantly, immature as well as mature Cd38/ DCs
within 3 days postsensitization. In striking contrast, sig- expressed CXCR4 at levels equivalent to their WT coun-
nificantly fewer of the donor Cd38/ DC precursors terparts (see Supplemental Figure S1 at http://www.
migrated to the inflamed epidermis within 3 days (Figure immunity.com/cgi/content/full/20/3/279/DC1). Since
5C). This was not due to delayed recruitment of the antibodies to mouse CCR2 and CCR7 are not commer-
Cd38/ DC precursors because even 6 days later the cially available, we next performed RNase protection
number of these cells was still significantly reduced assays using mRNA isolated from sort-purified WT and
compared to the controls (Figure 5C). Thus, the data Cd38/ DCs. The immature WT and Cd38/ DCs ex-
indicate that Cd38/ DC precursors are inefficiently pressed equivalent levels of CXCR4 and CCR2 mRNA
recruited to inflamed epidermis, even when the skin and only low levels of CCR7 mRNA, while the TNF-
tissue and the resident LCs are of WT origin. stimulated mature WT and Cd38/ DCs expressed
equivalently high mRNA levels of CCR7 and CXCR4 (Fig-
ure 7A). Thus, Cd38/ DCs express the appropriate
CD38-Deficient DCs Make Intrinsically Defective subset of chemokine receptors during the maturation
Chemotactic Responses process.
Since Cd38/ DCs are unable to migrate efficiently in
vivo in response to inflammatory stimuli, we hypothe- CD38, Cyclic ADP-Ribose, and Inositol Trisphosphate
sized that the Cd38/ DCs might be unable to migrate Regulate Chemokine Receptor Signaling
in response to CCR7 ligands CCL21 (SLC or secondary and Chemotaxis in DCs
lymphoid organ chemokine) and CCL19 (ELC or EB1 Since Cd38/ DCs express the appropriate chemokine
ligand chemokine), which are involved in regulating traf- receptors but are unable to migrate in response to the
ficking of DCs to LNs (Forster et al., 1999; Gunn et al., chemokines that activate these receptors, we hypothe-
1999), and the CCR2 ligand CCL2 (MCP-1 or monocyte sized that CD38 might regulate chemokine receptor sig-
chemoattractant protein) that regulates migration of DC naling in DCs. Therefore, we sort-purified mature
precursors to inflamed tissues (Merad et al., 2002; Ser- (CD11cclassIIhi) DCs from TNF-stimulated Cd38/
bina et al., 2003). Therefore, we prepared in vitro-cul- and WT BM cultures, stimulated them with ELC, SLC,
tured immature and TNF-stimulated mature DCs from or SDF-1, and then measured intracellular free Ca2
WT and Cd38/ bone marrow and sort-purified the im- ([Ca2]i) levels. As expected, [Ca2]i levels increased in
the chemokine-stimulated WT DCs (Figure 7B). How-mature (CD11cclassIIlo) and mature (CD11cclassIIhi)
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Figure 6. Chemotaxis of Immature and Mature DCs Is CD38 Dependent
(A) Purification profile of sorted immature (CD11cclassIIlo) and TNF-stimulated mature (CD11cclassIIhi) BM-derived DCs from WT and
Cd38/ mice.
(B and C) The purified immature (B) and mature (C) WT (open bars) and Cd38/ (filled bars) DCs were analyzed in transwell chemotaxis
assays using varying concentrations of the chemokines MCP-1, SDF-1, SLC, and ELC (triplicate wells per experimental condition). The
transmigrated cells were collected from the lower chamber after 90 min, fixed, and enumerated. The results are expressed as the mean 	
SD of the chemotaxis index (CI). The data are representative of at least three independent experiments.
ever, [Ca2]i levels were significantly reduced in the che- somewhat surprising since it is widely reported that the
Ca2-mobilizing second messenger inositol trisphos-mokine-stimulated Cd38/ DCs (Figure 7B), indicating
that CD38 regulates Ca2 mobilization and modulates phate (IP3) plays a critical role in Ca2 mobilization upon
chemokine receptor engagement (Pettit and Fay, 1998).signaling through CCR7 and CXCR4.
CD38 is an ectoenzyme capable of producing several Therefore, to determine the role for IP3, we treated WT
DCs with the IP3 antagonist, 2-aminoethoxydiphenylbor-Ca2-mobilizing metabolites including cADPR, ADPR,
and NAADP (Lee, 2001). Previously, we found that ate (2-APB) (Maruyama et al., 1997) and measured [Ca2]i
levels in SLC-stimulated cells. Interestingly, 2-APB, likecADPR production by CD38 modulated Ca2 mobiliza-
tion in fMLF-treated neutrophils and was required for 8-Br-cADPR, almost entirely blocked SLC-induced Ca2
mobilization (Figure 7C). To determine whether the Ca2neutrophil chemotaxis to fMLF (Partida-Sa´nchez et al.,
2001). To examine whether cADPR production by CD38 mobilized in response to SLC was due to intracellular
store release or was due to extracellular Ca2 influx, wemight also regulate signaling through chemokine recep-
tors expressed by DCs, we sorted TNF-stimulated ma- measured [Ca2]i levels in DCs that were activated with
SLC in the absence of external Ca2 using the Ca2ture BM-derived WT DCs, treated the cells with a spe-
cific cADPR antagonist, 8-Br-cADPR (Walseth and Lee, chelator EGTA (Figure 7C). Surprisingly, we found that
Ca2 mobilization in SLC-treated DCs was severely im-2002), stimulated them with SLC, and measured [Ca2]i
levels. As shown in Figure 7C, DCs treated with paired in the absence of an extracellular Ca2 source,
indicating that Ca2mobilization in SLC-activated DCs is8-Br-cADPR mobilized significantly less Ca2 in re-
sponse to SLC than the control cells. This result was primarily due to extracellular Ca2 influx. Taken together,
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Figure 7. Chemokine Receptor Signaling in Immature and Mature DCs Is Dependent on CD38, Extracellular Ca2, and the Ca2-Mobilizing
Metabolites, cADPR, and IP3
(A) RNase protection analysis of chemokine receptor mRNA in sort-purified BM-derived WT and Cd38/ (KO) immature DCs (CD11cclassIIlo)
and TNF-stimulated mature DCs (CD11cclassIIhi).
(B) Sort-purified mature WT (black line) or Cd38/ (red line) DCs were loaded with fluorescent Ca2-detecting dyes and then stimulated with
ELC, SLC, or SDF-1 (50 ng/ml). [Ca2]i levels were measured by FACS, and the relative [Ca2]i levels are expressed as the ratio between Fluo-3
and Fura-Red mean fluorescence intensity. Data are representative of at least three experiments with similar results.
(C) Dye-loaded, sort-purified mature WT DCs were incubated in the presence of media (black and blue lines), 8-Br-cADPR (red line), or 2-APB
(green line) and then stimulated with SLC (50 ng/ml) in Ca2-free media (EGTA, blue line) or Ca2-containing media (all other samples). Relative
[Ca2]i levels were measured by FACS. Data are representative of at least three experiments with similar results.
(D) Sort-purified mature DCs were incubated for 15 min in media in the presence or absence of 8-Br-cADPR, 2-APB, or 8-Br-cADPR  2-APB
and were then evaluated in transwell chemotaxis assays to SLC. In one experimental set, EGTA was added to the upper transwell at the same
time as the cells. The total number of DCs that migrated to the bottom well of the chemotaxis chamber in 90 min is shown. The viability of
all groups of DCs was between 90%–96% at the end of 2 hr. Data are representative of one experiment selected from at least three experiments
with similar results.
(E and F) Sort-purified immature or mature DCs isolated from WT or Cd38/ mice were incubated for 15 min in media in the presence of
8-Br-cADPR (E) or N(8-Br-A)D (F) and were evaluated in transwell chemotaxis assays to ELC, SLC, or MCP-1. The total number of DCs that
migrated to the bottom well of the chemotaxis chamber in 90 min is shown. Data are representative of one experiment selected from at least
three experiments with similar results.
the data strongly suggested that both IP3 and cADPR cellular Ca2 are necessary for DC chemotaxis to SLC,
we treated sort-purified TNF-stimulated mature DCsregulate CCR7-dependent Ca2 mobilization and that
both are required to activate the plasma membrane with the various antagonists and then measured chemo-
taxis to SLC using transwell chambers. As shown inCa2 channels.
To test whether cADPR, IP3, and the presence of extra- Figure 7D, the nontreated DCs migrated efficiently to
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SLC when compared to cells migrating to media alone. DCs to migrate in response to these chemokines ap-
pears to be due to an intrinsic inability of these cellsIn contrast, DC migration to SLC in the presence of EGTA
to mobilize Ca2 in response to chemokine receptorwas significantly reduced, indicating that extracellular
engagement as we observed a substantial reduction inCa2 influx is necessary for DC chemotaxis to SLC. Like-
Ca2 influx in the Cd38/ DCs responding to ELC, SLC,wise, DC chemotaxis to SLC was significantly reduced
and SDF-1. Since the cADPR produced by CD38 iswhen cells were treated with either 2-APB, 8-Br-cADPR,
known to promote both intracellular Ca2 release andor 8-Br-cADPR  2-APB. Interestingly, chemotaxis of
extracellular Ca2 influx (Lee, 2001) and since treatmentDCs treated with both antagonists was no worse than
of WT DCs with the cADPR antagonist 8-Br-cADPR ren-cells treated with either antagonist alone (Figure 7D),
ders them unable to flux Ca2 in response to chemokinesuggesting that both IP3 and cADPR are necessary for
stimulation, we conclude that one way in which CD38DC chemotaxis and that the two Ca2-mobilizing second
regulates signaling through CCR7, CXCR4, and CCR2messengers are not functionally redundant in DCs.
is via its ability to catalyze production of cADPR. Consis-On the basis of these data, we predicted that cADPR,
tent with this conclusion, the CD38 substrate N(8-Br-produced by CD38, likely regulates chemotaxis of DCs
A)D also renders WT DCs unresponsive to CCR2 andto other chemokines. To test this hypothesis, we com-
CCR7 ligands. However, it is important to note that CD38pared the migration of sort-purified Cd38/ DCs, WT
can catalyze the production of other Ca2-mobilizingDCs, and WT DCs treated with 8-Br-cADPR to ELC and
metabolites, including ADPR (Howard et al., 1993) andMCP-1. As expected, WT mature DCs migrated effi-
NAADP (Lee and Aarhus, 1995). Interestingly, ADPR in-ciently in response to ELC, while Cd38/ DCs and the
duces Ca2 influx through the LTRPC2 cation channel8-Br-cADPR-treated WT DCs migrated very poorly in
in monocytes and neutrophils (Heiner et al., 2003; Sanoresponse to ELC. Likewise, sort-purified immature
et al., 2001). Thus, it is possible that CD38-generatedCd38/ DCs and WT DCs treated with 8-Br-cADPR
ADPR could play a role in regulating chemokine recep-migrated significantly less efficiently than untreated WT
tor-induced Ca2 mobilization in DCs. Regardless, theimmature DCs to the CCR2 ligand, MCP-1 (Figure 7E).
data is clear that CD38 regulates Ca2 influx which isThe data above indicated that CD38 and cADPR regu-
required for the chemotaxis of DCs to ELC, SLC, MCP-1,late signaling through several chemokine receptors and
and SDF-1.suggested that NAD analogs that either inhibit CD38
Surprisingly, very little is known about the molecularenzyme activity or that alter product formation by CD38
mechanisms that control Ca2 mobilization in chemo-could also be used to block chemotaxis of DCs. To test
kine-stimulated DCs. Previous experiments using imma-this hypothesis, we preincubated sort-purified mature
ture human DCs showed that signaling through CCR2Cd38/ and WT DCs from TNF-stimulated BM cultures
is dependent on extracellular Ca2 influx through plasmawith N(8-Br-A)D, an NAD analog that can be converted
membrane Ca2 channels, but that Ca2 mobilizationby CD38 into the cADPR antagonist 8-Br-cADPR (Par-
occurred independently of IP3 generation (Sozzani et al.,tida-Sa´nchez et al., 2001), and then measured chemo-
1991, 1993). We also found that ligation of CCR2,taxis to ELC and SLC. As shown in Figure 7F, WT DCs,
CXCR4, and CCR7 in mouse DCs induces extracellularbut not Cd38/ DCs, migrated in response to ELC and
Ca2 influx (Figure 7 and data not shown). However, weSLC. In contrast, the chemotaxis of WT DCs treated with
found that both cADPR and IP3 play important roles inN(8-Br-A)D was significantly reduced compared to the
regulating the activation of the plasma membrane Ca2untreated WT DCs (Figure 7F). Thus, when taken to-
channels expressed by DCs. Interestingly, there are sev-gether, the data clearly show that cADPR antagonists
eral reports indicating that both IP3 and cADPR are nec-as well as CD38 substrate analogs can be used to block
essary to activate voltage-gated Ca2 channels inthe chemotactic responses of DCs to a number of differ-
smooth muscle (Barata et al., 2004; Barone et al., 2002;ent chemokines, suggesting that compounds that target
Ge et al., 2003). Although we do not yet know which
the CD38 or its enzymatically generated products could
plasma membrane Ca2 channels are activated by
be used to suppress DC-dependent inflammatory re-
cADPR and IP3, it is reported that DCs express CRACsponses in vivo. channels and L-type Ca2 channels (Hsu et al., 2001;
Poggi et al., 1998).
Discussion Although the data in this paper show that a number of
chemokine receptors are dependent on CD38 for proper
In this manuscript we show that one of the mechanisms Ca2 mobilization and the initiation of chemotaxis, it is
by which CD38 facilitates humoral immune responses clear that CD38 and cADPR are not obligate for the
is by controlling the migration of DCs responding to activity of all chemokine receptors. In fact, we previously
inflammatory or antigenic challenge. The inability of demonstrated that IL-8 and MIP-2 induces Ca2 mobili-
Cd38/ DCs to migrate to LNs and initiate immune zation and chemotaxis of neutrophils and monocytes
responses is due to their decreased ability to respond independently of CD38 and cADPR (Partida-Sa´nchez et
to the CCR7 ligands ELC and SLC. In addition, we found al., 2001). Furthermore, we found normal numbers of
that Cd38/ DC precursors are unable to migrate effi- CD11cclassII cells in the epidermis, spleen, BM, and
ciently in response to CCR2 and CXCR4 ligands. Thus, LNs of naive Cd38/ mice, suggesting that DCs traffick-
CD38 controls the trafficking of DCs from sites of inflam- ing to secondary lymphoid tissues or peripheral sites
mation to draining LNs by regulating CCR7 signaling, under homeostatic conditions may be regulated by che-
and it also controls the migration of DC precursors from mokine receptors other than CCR7 (Randolph, 2001).
the blood to sites of inflammation by regulating CCR2 Alternatively, it is possible that, despite the reduced
migratory capacity of Cd38/ DCs, these cells are stilland CXCR4 signaling. The reduced ability of Cd38/
CD38 and cADPR Regulate Dendritic Cell Chemotaxis
289
Raleigh, NC) and CXCR4 (BD Biosciences). NP-haptenated APCable to populate the LNs and spleen over a longer time
was prepared as previously described (McHeyzer-Williams et al.,period. Interestingly, even though the migration of T cells
1993). All FACS analysis was performed on a FACSCalibur (Bectonto the T cell areas of spleen and LN is highly dependent
Dickinson, Mountain View, CA).
on CCR7 engagement by SLC and ELC (Forster et al.,
1999; Gunn et al., 1999), Cd38/ T cells are found in Immunizations and ELISAs
normal numbers and locations in these organs and re- Mice received 1 g of TNP-KLH precipitated with alum via i.p. injec-
tion on days 0 and 21, or they received 10 g NP-OVA in PBSspond normally to these chemokines in in vitro chemo-
intranasally for 7 consecutive days or 25 l of 8 mg/ml FITC in 1:1taxis assays (data not shown). Thus, chemokine recep-
acetone/dibutylphthalate applied to two shaved abdominal areastors, such as CCR7, may not be dependent on CD38
on day 0 and reapplied to two shaved dorsal areas on day 21.enzyme activity in all cell types.
Antigen-specific antibody was detected by ELISA using hapten-
The data presented here indicate that CD38, through conjugated BSA or FITC-labeled BSA to coat plates. TNP-specific
its production of Ca2-mobilizing metabolites, like IgM and IgG1 serum levels were quantified using purified TNP-
specific IgM and IgG1 as standards. NP-specific IgM and IgG1 se-cADPR, regulates the chemotaxis of DCs and DC pre-
rum endpoint titers were determined at OD 0.5 for IgM and 0.06cursors that are responding to an inflammatory chal-
for IgG1. FITC-specific IgM and IgG1 serum endpoint titers werelenge suggesting that CD38 is poised to act at the inter-
determined at OD 0.5 for IgM and 1.0 for IgG1.section between innate and adaptive immune responses.
In this respect, CD38 appears to function in a capacity
Priming and Expansion of TCR Transgenic T Cells by APCs
similar to other innate inflammatory receptors including Naive CD4 T cells from CD90.1 OT-II TCR Tg mice were purified
the Toll-like receptors (TLRs) (Takeda et al., 2003). How- using CD4 microbeads (Miltenyi Biotech, Auburn, CA), labeled with
CFSE (Molecular Probes, Eugene, OR), and injected (5  106 cells/ever, unlike ligands for TLRs, which are typically derived
mouse) into C57BL/6 or Cd38/ recipients. Recipients were immu-from pathogens (Barton and Medzhitov, 2002), the li-
nized i.p. with 1 g of alum-precipitated OVA342-349 peptide. Cellsgand for CD38 is the endogenously derived dinucleo-
from parathymic LNs and spleens were recovered from immunizedtide, NAD. Although NAD is normally localized in the
recipients on day 3 and analyzed by flow cytometry. To measure
cytosol of cells and is not found in high concentrations expansion of OT-II CD4 T cells and NP-specific plasma cells, 5 
in serum or exudates from normal mice (Kim et al., 1993), 106 unlabeled OT-II CD90.1 cells/mouse were transferred into
C57BL/6 or Cd38/ recipients. Recipients were immunized with 10it has been hypothesized that the extracellular NAD
g of NP-OVA intranasally for 7 consecutive days. On day 8, expan-levels rise significantly in serum and at local sites of
sion of donor-specific CD4 T cells and NP-specific plasma cellstissue damage due to release of NAD from necrotic
in the MLN was determined by flow cytometry.cells (Okamoto et al., 1998). In fact, higher levels of
NAD are found in tissue homogenates prepared from
Isolation of DCs/LCs and Chemotaxis Assays
Cd38/mice compared to homogenates prepared from BM-derived DCs were generated in vitro as described (Inaba et al.,
WT tissues (unpublished data), indicating that in the 1992). BM cells were cultured for 6–8 days in complete RPMI me-
dium supplemented with 5% FBS and GM-CSF (20 ng/ml). Immatureabsence of CD38, extracellular NAD accumulates to
DCs (CD11cclassIIlo) were isolated from the cultures on day 8 bydetectable levels. Therefore, we propose that ecto-
two rounds of sorting using a FACS Vantage SE with DiVa optionCD38 may act as a “sensor” of tissue damage and necro-
(Becton Dickinson). DC maturation was induced in vitro by addingsis by binding extracellular NAD, producing Ca2-mobi-
TNF (10 ng/ml) to the cultures on day 6. Mature DCs (CD11cclass-
lizing metabolites like cADPR and potentiating the IIhi) were sort-purified 36–48 hr later. LCs were obtained from skin
chemotaxis of CD38-expressing cells. Therefore, extra- epidermal sheets isolated from the ears as previously reported
(Koch et al., 2001).cellular NAD could be thought of as an inflammatory
Chemotaxis assays with BM-derived, sort-purified immature ormodulator, similar to other extracellular nucleotides
mature DCs were performed using 24-well transwell plates (Costar,such as adenosine (Ohta and Sitkovsky, 2001) and ATP
Cambridge, MA) with a 5 m pore size polycarbonate filter. In some(Di Virgilio et al., 2001) and compounds that alter NAD
experiments, cells were first pretreated for 15 min with 8-Br-cADPR
levels or CD38 enzyme activity could potentially be used (100 M), N(8-Br-A)D (500 M), or 2-APB (100 M), and then added
to block DC-mediated inflammation as well as the ac- to the upper chamber of the transwell (1  105 cells/transwell) in
the continued presence of the drug. In other experiments EGTAcompanying adaptive immune response.
(2 mM) was added with the cells to the upper chamber of the
transwell plates. Transwell plates were incubated at 37
C for 90 min.Experimental Procedures
The transmigrated cells were collected from the lower chamber,
fixed, and counted on a flow cytometer. To determine the absoluteMice and BM Reconstitutions
number of cells in each sample, a standard number of 20 M sizeC57BL/6J and CD45.2 C57BL/6J mice were purchased from The
fluorescent microspheres (Polysciences, Inc., Warrington, PA) wasJackson Laboratory. CD90.2 OT-II TCR Tg mice (Barnden et al.,
added to each tube and counted along with the cells. The total1998), MT mice (Kitamura et al., 1991), and C57BL/6J.129 Cd38/
number of transmigrated cells equals the number of counted DCs(N12) mice (Cockayne et al., 1998) were bred and maintained in
the total number of beads/the number of beads counted. In somethe Trudeau Institute Animal Breeding Facility. BM chimeras were
cases the results are expressed as the mean	SD of the chemotaxisgenerated by reconstituting lethally irradiated recipients (950 rads
index (CI). The CI represents the fold increase in the number offrom a 137Cs source) with 5  106 total BM cells from appropriate
migrated cells in response to chemoattractants over the spontane-donor mice as described in results. Mice were allowed to reconsti-
ous cell migration (to control medium).tute for at least 6 weeks prior to immunization.
Reagents and Antibodies In Vivo DC Activation and Migration Assays
To induce activation of LCs in vivo, 25 l of DNFB (0.5% in 4:1ace-Recombinant mouse cytokines and chemokines were purchased
from R&D Systems (Minneapolis, MN). 8-Br-cADPR (Walseth and tone/olive oil) was applied epicutaneously to each ear. LCs were
isolated 24 hr later from skin epidermal sheets and immediatelyLee, 2002) was obtained from Sigma (St. Louis, MO), 2-APB was
from Calbiochem, and N(8-Br-A)D was synthesized at UCSF ac- stained with antibodies to classII, CD11c, and various costimulatory
molecules. To measure the migration of DC precursors to the skin,cording to the protocol of Abdallah et al. (1975). All fluorescent mAbs
were from Pharmingen (San Diego, CA) except DEC205 (Serotec, DNFB was applied to the ears of BM chimeric as described above. At
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various time points postsensitization, the number of donor (CD45.2) References
and host-derived (CD45.1) DCs (CD11cclassII) in skin samples
was determined by cell counting and FACS. To track LC migration Abdallah, M.A., Biellmann, J.F., Nordstro¨m, B., and Bra¨nde´n, C.I.
from inflamed skin to LNs, 25 l FITC (8 mg/ml in 1:1 acetone/ (1975). The conformation of adenosine diphosphoribose and 8-bro-
dibutylphthalate) was applied to two shaved abdominal areas. Ingui- moadenosine diphosphoribose when bound to liver alcohol dehy-
nal LNs were removed 18 hr later, stained with antibodies to classII drogenase. Eur. J. Biochem. 50, 475–481.
and CD11c, and analyzed by flow cytometry. Cells that were FITC- Barata, H., Thompson, M., Zielinska, W., Han, Y.S., Mantilla, C.B.,
CD11cclassIIhi were identified as LCs that had migrated from the Prakash, Y.S., Feitoza, S., Sieck, G., and Chini, E.N. (2004). The role
epidermis to the LNs. The total number of migrated LCs was deter- of cyclic-ADP-ribose-signaling pathway in oxytocin-induced Ca2
mined by multiplying the percentage of FITC DCs by the total transients in human myometrium Cells. Endocrinology 145, 881–889.
number of cells/LN.
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